Serum Cu and caeruloplasmin levels have been suggested to be independent risk factors for CHD operating through oxidative modification of LDL. However, given its function as an acute-phase protein, the question has been raised whether an elevated caeruloplasmin level is not merely an indicator of inflammation. In the current study, we investigated whether serum caeruloplasmin was associated with subsequent myocardial infarction, taking into account indices of inflammation. The study population consisted of 210 cases of first myocardial infarction and controls, frequency-matched on age (5-year categories) and sex, selected from the population-based cohort of the Rotterdam Study. Serum caeruloplasmin levels were significantly elevated in cases of myocardial infarction compared with controls (510 ðsd 110) v. 470 ðsd 100) mg/l; P ¼ 0⋅007). Risk of myocardial infarction for the highest compared with the lowest quartile of caeruloplasmin was 2⋅46 (95 % CI 1⋅04, 6⋅00; P trend ¼ 0⋅043) after adjustment for age, sex, BMI, pack-years smoked, serum cholesterol, systolic blood pressure, and income. The relative risk was most evident in current smokers. Adjustment for C-reactive protein and leucocyte count reduced the excess risk by 33 %. This suggests that a substantial part of the observed association between serum caeruloplasmin and CHD may be attributed to inflammation processes rather than to the pro-oxidant activity of caeruloplasmin.
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Serum caeruloplasmin: Myocardial infarction: Inflammation
Elevated serum caeruloplasmin levels have been found in patients with cardiovascular disorders including arteriosclerosis, abdominal aneurysms, unstable angina, and vasculitis and peripheral artery disease (Fox et al. 1995) . Several prospective studies have indicated that serum Cu or caeruloplasmin level may be an independent risk factor for cardiovascular disease (Kok et al. 1988; Salonen et al. 1991a,b; Reunanen et al. 1992 Reunanen et al. , 1996 Mäntärri et al. 1994) . The increased risk has been attributed to the pro-oxidant activity of caeruloplasmin and recent experimental studies demonstrating the ability of caeruloplasmin oxidatively to modify LDL (Ehrenwald et al. 1994; Lamb & Leake, 1994) , seem to underline this notion. However, the question has been raised whether elevated caeruloplasmin is not merely an indicator of inflammation, given its acute-phase protein property. So far, most studies investigating the association between serum caeruloplasmin or Cu and cardiovascular disorders have lacked information on indicators of inflammation. In the current study we obtained information on C-reactive protein and leucocyte count as indicators of inflammation. We examined whether a high serum caeruloplasmin level is associated with an increased risk of myocardial infarction, taking into account possible markers of inflammation.
Subjects and methods

Study population and case ascertainment
The Rotterdam Study is a community-based prospective cohort study of 7983 persons (response rate 78 %) aged 55 years and over, living in Ommoord, an urban district in Rotterdam, the Netherlands. The aim of the study is to investigate the incidence of and the risk factors for chronic and disabling diseases, as described elsewhere (Hofman et al. 1991) . The study was approved by the Medical Ethics Committee of the Erasmus University, and written informed consent was obtained from all participants.
Follow-up for CHD started after the baseline survey in 1990, and until April 1996 (mean 4 years) follow-up information was available for 94 % of the cohort. With respect to the vital status of participants, information was obtained at regular intervals from the municipal health service in Rotterdam. Information on fatal and non-fatal end-points was obtained from the general practitioners working in the study district of Ommoord. All possible events reported by the general practitioners were verified by research physicians from the Rotterdam Study through records of the participating general practitioners and medical specialists. Cause and circumstances of death were obtained by questionnaire from the general practitioner and by scrutinizing information from hospital discharge records in case of admittance or referral, shortly after reporting of death by the municipal health service or the general practitioner. Classification of fatal and non-fatal events was based on the International Classification of Diseases (World Health Organization, 1992) . For the present analysis only cases of first myocardial infarction (ICD-10:I21-I24) were selected. All events were classified independently by two research physicians. If there was disagreement, a consensus was reached in a special session. Finally, all these events were verified by a cardiovascular disease expert. In cases of discrepancy, the judgement by this expert was considered definite. The association between serum caeruloplasmin level and risk of myocardial infarction was examined by use of a nested case-control design. Cases and controls were drawn from the population-based Rotterdam Study. For every subject with a myocardial infarction during follow-up (n 202) a control without a myocardial infarction was selected. Age strata (5-year interval) and sex were used as matching variables. For determination of serum caeruloplasmin and C-reactive protein levels frozen sera were available for 255 subjects, 111 myocardial infarction cases and 144 controls. Blood samples were not available for all cases allocated to this study, particularly for cases in the beginning of the follow-up period. Exclusion of subjects with a history of myocardial infarction at baseline resulted in a study population of 210 subjects (eighty-three cases and 127 controls) for the present analysis.
Measurements
Baseline information on current health status, medical history, drug use, education, income, and smoking behaviour was obtained with a computerized questionnaire during a home interview. Height and weight were measured, and BMI (weight in kg/height in m 2 ) was calculated as a measure of obesity. Sitting blood pressure was measured on the right upper arm with a random zerosphygmomanometer. The average of two measurements was used in the analysis. A venepuncture was performed and haematological variables were obtained by standard clinical laboratory procedures. Serum total and HDL-cholesterol concentrations were determined by an automated enzymic procedure.
Alcohol intake was estimated by use of a semi-quantitative food-frequency questionnaire assessing habitual food intake during the past year (Klipstein-Grobusch et al. 1998) . Frozen sera, preserved at -20Њ, and collected from the cases and the controls simultaneously at study baseline, were used to determine serum concentrations of caeruloplasmin and C-reactive protein. Sera from cases and controls were analysed in the same run. Serum caeruloplasmin concentrations and C-reactive protein were determined by kinetic nephelometry by use of a Beckman-Array system (Munich, Germany). For five subjects (cases and controls) C-reactive protein could not be determined due to insufficient serum for analysis. Interassay CV were 4⋅6 % for caeruloplasmin and 3⋅8 % for C-reactive protein.
Data analysis
Associations between serum caeruloplasmin concentrations and risk factors for ischaemic heart disease were estimated by use of Pearson's correlation coefficient (continuous variables) and ANOVA (categorical variables) adjusted for age and sex. The association between quartiles of serum caeruloplasmin and risk of myocardial infarction was investigated by multiple logistic regression comparing risk of myocardial infarction in the upper quartiles with the lowest quartile of serum caeruloplasmin. Analyses were initially adjusted for age and sex and subsequently for BMI, pack-years smoked, equivalent household income (five categories), serum cholesterol, and systolic blood pressure. Stratification procedures were used to evaluate whether smoking status, hypertension (systolic blood pressure > 140 mmHg or diastolic blood pressure > 90 mmHg or use of antihypertensive medication), hypercholesterolaemia (serum cholesterol levels > 6⋅5 mmol/l), or HDL-cholesterol levels below the median, modified the association between serum caeruloplasmin and myocardial infarction. We next examined to what extent caeruloplasmin reflects increased inflammation. First we included measures of inflammation in our multivariate logistic regression model, leucocyte count as continuous, and C-reactive protein as a categorized variable using a cut-off point of 6 g/l. Second, we assessed whether exclusion of subjects with C-reactive protein levels greater than 6 g/l modified the serum caeruloplasmin-myocardial infarction association. Associations are expressed as odds ratios with 95 % CI. Results were considered statistically different at the two-sided 0⋅05 alpha level. Statistical analyses was performed using the Statistical Analysis Systems statistical software package version 6.11 (SAS Institute, Cary, NC, USA).
Results
Baseline characteristics of cases and controls of myocardial infarction are shown in Table 1. Significant differences were seen for leucocyte count, percentage of subjects with C-reactive protein levels greater than 6 g/l, and income of at least 3000 Hfl (about £ 900)/month. Compared with controls, cases of myocardial infarction had non-significantly higher serum levels of cholesterol, had smoked more pack-years, and were more often current smokers.
Serum caeruloplasmin levels in the case-control population ranged from 220 to 790 mg/l with averages of 370, 460, 520, and 640 mg/l in subsequent quartiles. Caeruloplasmin concentration was significantly higher in cases of myocardial infarction than controls (510 ðsd 110) v. 470 ðsd 100) mg/l; P ¼ 0⋅007). The distribution of serum caeruloplasmin for cases and controls is shown in Fig. 1 , indicating a shift towards higher serum caeruloplasmin levels for incident cases of myocardial infarction compared with controls.
Serum caeruloplasmin adjusted for age and sex correlated significantly with serum cholesterol (r 0⋅25, P ¼ 0⋅0002), leucocyte count (r 0⋅24, P ¼ 0⋅0004), and pack-years smoked (r 0⋅24, P ¼ 0⋅0004), and was significantly inversely associated with serum HDL-cholesterol (r 0⋅17, P ¼ 0⋅0170). No correlations were observed between caeruloplasmin and age, BMI, waist : hip ratio, diastolic and systolic blood pressures, and alcohol intake. Mean caeruloplasmin was observed to be significantly higher (572 ðsd 85) v. 470 ðsd 94) mg/l; P < 0⋅0001) for subjects with a serum C-reactive protein level of at least 6 g/l. These subjects also reported that they had smoked more packyears and they were more likely to be current smokers. No correlation between leucocyte count and pack-years smoked was seen.
When adjusted for age and sex, serum caeruloplasmin levels were significantly associated with increased risk of myocardial infarction (Table 2 ). The odds ratio for the highest compared with the lowest quartile of caeruloplasmin was 2⋅96 (95 % CI 1⋅29, 6⋅84; P trend ¼ 0⋅010). The association remained statistically significant after adjustment for BMI, pack-years smoked, income (five categories), serum cholesterol, and systolic blood pressure (Table 2) . Fig. 2 depicts a trend of increasing myocardial infarction risk across the quartiles of serum caeruloplasmin.
We next stratified by smoking status, hypertension, hypercholesterolaemia, and low HDL-cholesterol levels. Results showed a significantly increased risk of myocardial infarction with elevated caeruloplasmin concentration in current smokers compared with former and non-smokers. Risk estimates for quartiles of serum caeruloplasmin in smokers were 1, 2⋅08 (95 % CI 0⋅29, 19⋅81), 3⋅54 (95 % CI 0⋅43, 38⋅81), and 9⋅12 (95% CI 1⋅41, 88⋅09) respectively (P value for trend 0⋅021). For hypertension, hypercholesterolaemia, and low HDL-cholesterol levels no risk modifications were observed (results not shown).
The excess risk of myocardial infarction for the highest compared with the lowest quartile of serum caeruloplasmin was reduced by 33 % when leucocyte count was taken into 142 K. Klipstein-Grobusch et al. account or when C-reactive protein was included in the model (Table 2) . For both leucocyte count and C-reactive protein, a non-significantly increased risk of myocardial infarction was observed in the multivariate models. Exclusion of subjects with C-reactive protein levels greater than 6 g/l (twenty-eight subjects), resulted in an age-and sexadjusted odds ratio of 2⋅18 (95 % CI 0⋅88, 5⋅49; P trend ¼ 0⋅107) for the highest compared with the lowest quartile of serum caeruloplasmin. In the multivariate adjusted model, an odds ratio of 1⋅73 (95 % CI 0⋅65, 4⋅73, P trend ¼ 0⋅300) was observed.
Discussion
In the prospective cohort of the Rotterdam Study we observed a significant association between high baseline levels of serum caeruloplasmin and the subsequent risk of a first myocardial infarction. The association was most evident in current smokers. Serum caeruloplasmin concentration was observed to be highly correlated with indices of inflammation. Exclusion of subjects with elevated C-reactive protein levels reduced the excess risk of myocardial infarction associated with high serum caeruloplasmin levels by 33 %. For each 100 mg/l increase in serum caeruloplasmin we observed an increment of 41 % in myocardial infarction risk. Comparable findings of an elevated risk of myocardial infarction (Reunanen et al. 1992 ) and incidence of CHD (Mänttäri et al. 1994) among persons with high levels of serum caeruloplasmin have been previously reported. Several other studies reported associations of high levels of serum Cu to elevated risk of increased carotid intima-media thickness (Salonen et al. 1991b) , myocardial infarction (Reunanen et al. 1996) , and mortality from CHD or cardiovascular disease (Kok et al. 1988; Salonen et al. 1991a) .
Caeruloplasmin, in which 90-95 % of serum Cu is bound, is considered to be a physiological inhibitor of lipid peroxidation. However, besides its antioxidant properties such as its ability to scavenge superoxide and other reactive species, and the inhibition of the Fenton reaction by conversion of Fe 2+ to Fe 3+ through ferroxidase (EC 1.16.3.1) activity, prooxidant activities of caeruloplasmin have been proposed (Ehrenwald et al. 1994) . To explain the pro-oxidant activity of caeruloplasmin a pathway involving lipid and lipoprotein oxidation has been suggested. Recent findings indicate that caeruloplasmin by itself can oxidise LDL in vitro and possibly in vivo (Ehrenwald et al. 1994; Craig et al. 1995) . However, accessory factors derived from vascular cells may be modulatory or requisite during lipoprotein oxidation within the vessel wall (Fox et al. 1995) .
An alternative explanation for the association between elevated serum caeruloplasmin levels and increased incidence of CHD is its property as an acute-phase protein.
Since an increase of caeruloplasmin can be mediated by many unspecific factors causing tissue injury, a high caeruloplasmin level may reflect response to injury or inflammation. Endothelial injury and inflammatory processes are thought to be involved in the pathogenesis of atherosclerosis, and markers of inflammation and infection, such as leucocyte count, fibrinogen, and C-reactive protein have been shown to be independent risk factors for CHD (Yarnell et al. 1991; Ernst & Resch, 1993; Kuller et al. 1996; Rosengren & Wilhelmsen 1996; Haverkate et al. 1997) . Most previous studies have not taken into account markers of inflammation. We investigated whether the observed associations in our study may have been due to the presence of inflammation. Including leucocyte count or C-reactive protein in the multivariate logistic regression model substantially reduced the risk estimate. We next excluded subjects with clinically elevated C-reactive protein from the analysis. Risk of myocardial infarction with raised serum caeruloplasmin levels was considerably decreased but still present. This suggests that a substantial part of the increased risk associated with high levels of serum caeruloplasmin may be attributed to inflammation processes. The remaining elevated risk may be due to other properties of caeruloplasmin, like its pro-oxidant activity, or it may reflect low-level inflammation being involved in the cardiovascular disease process.
In summary, we observed an elevated risk of myocardial infarction with high serum caeruloplasmin levels in the elderly population of the Rotterdam Study. Adjustment for markers of inflammation substantially reduced the association between serum caeruloplasmin and myocardial infarction. These results suggest that at least part of the observed risk association with high levels of caeruloplasmin can be attributed to its property as an acute-phase protein.
